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We have studied the superlattices with alternating block layers (BLs) of heavy-fermion su-
perconductor CeCoIn5 and conventional-metal YbCoIn5 by site-selective nuclear magnetic reso-
nance(NMR) spectroscopy, which uniquely offers spatially-resolved dynamical magnetic information.
We find that the presence of antiferromagnetic fluctuations is confined to the Ce-BLs, indicating that
magnetic degrees of freedom of f -electrons are quenched inside the Yb-BLs. Contrary to simple ex-
pectations that the two-dimensionalization enhances fluctuations, we observe that antiferromagnetic
fluctuations are rapidly suppressed with decreasing Ce-BL thickness. Moreover, the suppression is
more prominent near the interfaces between the BLs. These results imply significant effects of local
inversion-symmetry breaking at the interfaces.
The physics of materials with strong electron correla-
tions is remarkably rich, and in these materials the en-
tanglement of charge, spin and orbital degrees of freedom
often leads to the emergence of exotic quantum phases.
It has been shown that in the presence of strong spin-
orbit coupling, the introduction of broken spatial inver-
sion symmetry can produce further notable effects on
these systems through a splitting of the Fermi surface
with different spin structures even without a magnetic
field, giving rise to a plethora of novel phenomena such
as anomalous magnetoelectric effects1,2 and topological
superconducting states.3–5 Moreover, it has been shown
recently that the local inversion symmetry breaking at
the interface of different compounds also dramatically
affects the electronic properties, even when the global
inversion symmetry is preserved in the whole crystals.6
Among others, the metallic state with the strongest elec-
tron correlation effects is achieved in the heavy-fermion
f -electron systems, such as rare-earth and actinide com-
pounds. Recent advances in fabricating epitaxial super-
lattices consisting of heavy-fermion block layers (BLs)
and conventional-metal BLs7,8 provide unique opportu-
nity to study the effect of locally broken inversion sym-
metry at the interfaces between BLs.
CeCoIn5 [FIG. 1(a)], one of the constituent of
the CeCoIn5/YbCoIn5 superlattices studied here, pos-
sesses the highest superconducting transition temper-
ature (Tc = 2.3K) among Ce-based heavy-fermion
superconductors,9 in which an extremely narrow con-
duction band with effective mass (for about 100 times
or more the bare electron mass) is formed at low tem-
peratures through the Kondo effect. CeCoIn5 shares
several common features with high-Tc cuprates, includ-
ing unconventional superconducting gap with dx2−y2 -
symmetry10–13 and non-Fermi liquid properties.14 In ad-
dition, it is believed that the superconductivity is me-
diated by antiferromagnetic (AFM) fluctuations. In
CeCoIn5/YbCoIn5 superlattices, several highly unusual
superconducting properties have been observed, in par-
ticular when the thickness of the Ce-BLs is only a few
unit cells.15,16 Although the importance of the inter-
faces between Ce- and Yb-BLs has been emphasized, the
lack of spectroscopic information prevents us from un-
derstanding their physical properties at the microscopic
level. Thus the electronic and magnetic structures at the
interfaces remain largely unexplored.
Nuclear magnetic resonance (NMR) appears to be
a particularly powerful probe, providing spatially-
resolved microscopic information on the magnetic prop-
erties. We have performed NMR measurements on
CeCoIn5(n)/YbCoIn5(5) superlattices grown by molec-
ular beam epitaxial technique,8 where n (= 5 or 9) layers
of CeCoIn5 and 5 layers of YbCoIn5 were stacked alter-
nately as shown in FIG. 1(b). Here the set of CeCoIn5(n)
and YbCoIn5(5) repeats 40 times for n = 5 and 30 times
for n = 9. Panels of FIG. 1(c) depict the NMR spectra
of the n = 9 and n = 5 superlattices for H ‖ c, along
with the spectra of CeCoIn5 (Ce) [top] and YbCoIn5 (Yb)
[bottom] thin films. The thickness of the Ce and Yb thin
films is 500 nm and 350 nm, respectively.
From detailed analysis of the field dependence of the
spectra we are able to obtain the site-selective NMR in-
formation, i.e. spectroscopic information resolved for Ce-
and Yb-BLs separately. In the thin films, NMR signals
arising from two In sites, the In(1) located at the center
of the Ce/Yb-In layer and the In(2) site located on the
lateral faces, and the Co site can be clearly identified.
The largest principal axis of the electric field gradient is
parallel to the c axis at the In(1) and Co sites, while it
is perpendicular at the In(2) site. The parameters for
the NMR line fitting are listed in the Table 1, along with
those of the bulk CeCoIn5.
Here we focus on the spectra arising from the central
transition (+1/2↔ −1/2) of the In(1) site, which range
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FIG. 1. (color online). (a) Crystal structure of Ce(Yb)CoIn5.
The largest principle axes of the electric field gradient at
the Co, In(1) and In(2) sites are shown by the arrows.
(b) Schematic representation of the CeCoIn5(5)/YbCoIn5(5)
superlattice. (c)(d) Field-sweep NMR spectra at 4.2K
on thin-film CeCoIn5 with the thickness of 500 nm,
CeCoIn5(9)/YbCoIn5(5) and CeCoIn5(5)/YbCoIn5(5) super-
lattices, and thin-film YbCoIn5 with the thickness of 350 nm.
Panels of (c) show the field range between 10.4 and 13.5 T.
Panels of (d) are the expanded views near the central transi-
tions of the In(1) site.
from 11.9 T to 12.4 T, as shown in panels of FIG. 1(d). It
should be noted that the spectra of the n = 9 and n = 5
superlattices consist of the spectra of Ce- and Yb-BLs.
In fact, the positions of the spectra pointed by red and
green arrows almost coincide with the peaks observed in
the Ce and Yb thin films, respectively. The maximum at
around 12.22 T observed in the n = 5 and 9 superlattices
and the Yb thin film (asterisk and dashed peaks) arises
from the CeIn3 buffer layer. Owing to the zero asymmet-
ric parameter at the In(1) site, central-transition peak
(+1/2↔ −1/2) of the In(1) site is not shifted by the elec-
tric quadrupole interaction, but shifted by the hyperfine
interaction related to the local spin susceptibility.19 The
TABLE I. NMR parameters of CeCoIn5 and YbCoIn5.
Knight shift along the c axis, the electric quadrupole fre-
quency and asymmetry parameter of the electric quadrupole
interaction at Co, In(1), and In(2) sites in bulk CeCoIn5,
thin-film CeCoIn5, and thin-film YbCoIn5. The present pa-
rameters for bulk CeCoIn5 are approximately the same values
reported by Curro et al.,17,18 and the data of thin-film sam-
ples are determined from the NMR spectra shown in FIG. 1.
nuclear sample Kc(%) νQ(MHz) η
59Co CeCoIn5(Bulk) 3.39 0.230 0
CeCoIn5(500 nm) 3.58 0.302 0
YbCoIn5(350 nm) 1.58 0.285 0
115In(1) CeCoIn5(Bulk) 1.12 8.15 0
CeCoIn5(500 nm) 1.14 8.04 0
YbCoIn5(350 nm) 0.18 6.22 0
115In(2) CeCoIn5(Bulk) 5.16 15.7 0.404
CeCoIn5(500 nm) 5.55 15.5 0.375
YbCoIn5(350 nm) 0.40 14.0 0.490
Knight shift K(T ) at the fixed frequency ω0 is defined as
K(T ) =
(
H0 −Hres
Hres
)
ω=ω0
= Ahfχ(T )
where Hres and H0 are resonant magnetic fields of a sam-
ple and a bare nucleus that has the relation of ω0 = γnH0
with the nuclear gyromagnetic ratio γn. Ahf and χ(T ) are
the hyperfine coupling constant and the local spin sus-
ceptibility, respectively. The shift from µ0H0 = 12.27 T
(K = 0) is proportional to the local static susceptibility
at the In(1) site.
The nuclear spin-lattice relaxation rate T−11 pro-
vides microscopic information on the dynamical magnetic
properties; (T1T )
−1 is proportional to the momentum
q-summed imaginary part of the dynamical susceptibil-
ity, i.e. (T1T )
−1 ∝
∑
q
A2hfχ
′′(q, ω)/ω. Figure 2 depicts
(T1T )
−1 at the In(1) site of two thin films and superlat-
tices with n = 5 and 9 at µ0H ∼ 12 T. Although the
In(1) site is located at the symmetric position in the unit
cell, In(1) sees the AFM fluctuations from rare earth ions
since the bond axes of the ordered moments are not co-
incident with the unit cell;18 (T1T )
−1 is dominated by
χ(Q) with Q = (pi/a, pi/a, pi/c), i.e. AFM Q vectors.12
In the Yb thin film, (T1T )
−1 is temperature indepen-
dent (Korringa relation), which is typical behavior of the
uncorrelated nonmagnetic metal. In the Ce thin film, on
the other hand, (T1T )
−1 is strongly enhanced at low tem-
peratures, indicating the presence of strong AFM fluctu-
ations. In FIG. 2, dashed line represents (T1T )
−1 of the
CeCoIn5 single crystal measured at the same field, indi-
cating that the AFM fluctuations in the Ce thin film are
the same as those in bulk single crystals.
Figures 3(a) and (b) show the expanded NMR spectra
at 3.2K near the In(1) central transition of the n = 9
and n = 5 superlattices. The NMR spectra of these
superlattices contain signals from three different layers,
i.e. Ce- and Yb-BLs and CeIn3 buffer layers, each of
which has different Knight shift. It should be stressed
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FIG. 2. (color online). The nuclear spin-lattice relax-
ation rate divided by temperature (T1T )
−1 at the In(1) site
in thin-film CeCoIn5 (magenta squares), thin-film YbCoIn5
(khaki squares) and CeCoIn5(n)/YbCoIn5(5) superlattices
with n = 9 (triangles) and n = 5 (circles). In the super-
lattices, (T1T )
−1s in the Ce-BLs (orange and red) and Yb-
BLs (dark and light green) are shown separately. (T1T )
−1 in
bulk CeCoIn5 measured at µ0H ∼ 12.1 T is also shown with
dashed line.
that the spectra from each layer are well separated in
this field range. In FIGs. 3(a) and (b), the red, orange,
and yellow shaded regions represent the spectra of Ce-
BLs, the green region represent the spectra of Yb-BLs
and the peak shown by asterisk represent the spectra of
CeIn3 buffer layers. These assignments are made by the
straightforward comparison with the spectra of CeCoIn5
and YbCoIn5 thin films. A salient feature is that the
shape of the spectra of Ce-BLs for n = 9 is different
from that of n = 5. The spectrum in the lower-field re-
gion of n = 9 has a much larger weight compared with
that of n = 5. This naturally implies that the spectra in
higher field regimes shaded by yellow arise from the outer
CeCoIn5 layers close to the interfaces (FIG. 3(e)), be-
cause the fraction of the interface layers increases rapidly
with the reduction of n. In FIGs. 3(a) and (b), the red
to yellow gradation is a schematic representation of the
NMR signal arising from a inner and outer (interface)
layers in Ce-BLs. The colors of the spectra correspond
to the colors in the Ce-BL in FIG. 3(e). Thus the field
dependence of (T1T )
−1 enables us to resolve the layer
dependence of the magnetic fluctuations even within a
same Ce-BLs. The field dependence of (T1T )
−1 shown
in FIG. 3(c) indicates that even within the Ce-BLs AFM
fluctuations have strong spatial dependence; AFM fluc-
tuations near the interface are weaker than those at the
inner Ce-layers. This indicates that the suppression of
the AFM fluctuations is larger near the interface than in
the inner layers. The field dependence of 1/T1s in FIG.
3(c) is clearly recognized from the recovery of the nu-
clear magnetization m(t) at a time t after a saturation
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FIG. 3. (color online). (a), (b) 115In(1)-NMR spectra of the
n = 9 (a) and 5 (b) superlattices at 3.2K and with fixed
NMR frequency (f = 114.5MHz). In (a), the red(12.115 T),
yerrow(12.180 T) and green(12.262 T) arrow shows the mag-
netic field at which we observed relaxation curves. (c) Field
dependence of (T1T )
−1 in the n = 9 and n = 5 superlattices.
(d) Relaxation curves vs t plot at 12.262 T, 12,115 T and
12.180 T with f = 114.5MHz in CeCoIn5(9)/YbCoIn5(5).
The red(green) dashed line represents the fitted relaxation
curve of CeCoIn5(YbCoIn5) thin film. (e) The schematic
Ce and Yb arrangements of these superlattices. From the
comparison of two 115In(1)-NMR spectra, the field-dependent
NMR signals are approximately assigned to arise from the col-
ored layers in (e).
pulse(FIG.3 (d)). The recovery (m(∞)−m(t)) /m(∞)
at 12.180 T is more slowly damped than the recovery at
12.115 T.
The temperature dependence of (T1T )
−1 of the Ce-
and Yb-BLs in each superlattice is plotted separately in
FIG. 2. Here the relaxation rate of Ce-BLs is determined
at the maximum of the broad peak, which represents an
average of the AFM fluctuations in the whole Ce-BLs. It
is clear that while relaxation rate in the Yb-BLs is essen-
tially unchanged, but the magnitude of (T1T )
−1 in the
Ce-BLs is suppressed as the Ce-BLs thickness is reduced.
We analyze (T1T )
−1 in terms of the Curie-Weiss (CW)
formula [(T1T )
−1 ∝ C/(T + θ)], assuming that dynami-
cal susceptibility is dominated by the AFM fluctuations.
Here θ is the Weiss temperature and C is related to the
Curie constant. The experimental data can be fitted by
the CW formula as shown in FIG. 4. The reduction of
n leads to a serious reduction of C, indicating that the
AFM fluctuations are suppressed as the Ce-BLs become
thinner. We emphasize that the proximity of f -electrons
with magnetic moment to nonmagnetic Yb-layers is un-
likely to be the origin of this reduction, because of the
following reasons. First, magnetic fluctuations in the Yb-
BLs are essentially the same as those in the YbCoIn5 thin
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FIG. 4. (color online). Plot of T1T at the In(1) site of Ce-BLs
against T in the n = 9 and n = 5 superlattices compared with
the result of pure CeCoIn5 films. The data can be fitted by
the Curie-Weiss law [T1T = (T + θ)/C].
film (FIG. 2). This indicates that the magnetic degrees
of freedom of f -electrons are quenched inside the Yb-
BLs. Second, it has been shown that the inter-diffusion
between Ce- and Yb-BLs is negligibly small,8 and that
large Fermi velocity mismatch across the interface leads
to huge suppression of the transmission probability of
f -electrons.20 Third, as reported experimentally,8,15,16
while Tc in these superlattices is suppressed from Tc in
the bulk, upper critical field Hc2 are enhanced from the
bulk value for both H ‖ ab and c. This enhancement
of Hc2 is qualitatively inconsistent with the proximity of
f -electrons.
The observed suppression of the magnetic fluctuations
in the Ce-BLs is opposite to the enhancement of fluc-
tuations expected from two-dimensionalization, which
leads to the enhancement of the density of states at
the Fermi level. The spatial dependence of the relax-
ation rate within the Ce-BLs [FIG. 3(c)] strongly sug-
gests that the breaking of the local inversion symme-
try at the interfaces between Ce- and Yb-BLs plays a
decisive role for determining the magnetic properties of
the Ce-BLs, in particular when their thickness is only
a few unit-cell thick. In the absence of inversion sym-
metry, an asymmetric potential gradient ∇V yields a
spin-orbit interaction. When ∇V is perpendicular to the
two-dimensional plane, ∇V ‖ c, Rashba spin-orbit inter-
action αRg(k) · σ ∝ (k × ∇V ) · σ splits the Fermi sur-
face into two sheets with different spin structures, where
g(k) = (−ky, kx, 0)/kF, kF is the Fermi wave number,
and σ is the Pauli matrix. The energy splitting is given
by αR, and this interaction locks spin configurations
within the ab plane with clockwise rotation on one sheet
and anticlockwise on the other, as shown in FIG. 3(e).21
Here, the inversion symmetry is locally broken at the top
and the bottom layers of the Ce-BLs at the immediate
proximity to the Yb-BLs. In the presence of the local
inversion symmetry breaking together with the fact that
the Ce atom has a large atomic number, the Rashba-
type spin-orbit coupling is expected to be strong in the
present superlattices. The importance of the local inver-
sion symmetry breaking at the interface has been empha-
sized experimentally through the peculiar angular varia-
tion of upper critical field, which can be interpreted as
a strong suppression of the Pauli pair-breaking effect.15
The Fermi surface splitting due to the Rashba coupling
should modify seriously the nesting condition and hence
is expected to reduce the commensurate AFM fluctua-
tions with Q = (pi/a, pi/a, pi/c), which is dominant in
bulk CeCoIn5. In addition, it has been pointed out that
the broken inversion symmetry at the interface reduces
the AFM fluctuations by lifting the degeneracy of the
fluctuation modes through the helical anisotropy of the
spin configuration shown in FIG. 3(e).22,23 In fact, sim-
ilar situation has been reported in ferromagnetic metal
MnSi, where helical spin structure is stabilized by the
spin-orbit coupling.24 With the reduction of n, the frac-
tion of the noncentrosymmetric interface layers increases
rapidly, leading to the suppression of the AFM fluctua-
tions. The present results suggest that the local inver-
sion symmetry breaking plays a key role for the magnetic
properties at the interface of strongly correlated electron
systems, which is expected to host a fertile ground for
observing exotic properties.25
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